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Abstract: Skeletal muscle is inept in regenerating after traumatic

injuries due to significant loss of basal lamina and the resident

satellite cells. To improve regeneration of skeletal muscle, we

have developed biomimetic sponges composed of collagen, gel-

atin, and laminin (LM)-111 that were crosslinked with 1-ethyl-

3-(3-dimethyl aminopropyl) carbodiimide (EDC). Collagen and

LM-111 are crucial components of the muscle extracellular

matrix and were chosen to impart bioactivity whereas gelatin

and EDC were used to provide mechanical strength to the scaf-

fold. Morphological and mechanical evaluation of the sponges

showed porous structure, water-retention capacity and a com-

pressive modulus of 590–808 kPa. The biomimetic sponges

supported the infiltration and viability of C2C12 myoblasts over

5 days of culture. The myoblasts produced higher levels of myo-

kines such as VEGF, IL-6, and IGF-1 and showed higher expres-

sion of myogenic markers such as MyoD and myogenin on the

biomimetic sponges. Biomimetic sponges implanted in a mouse

model of volumetric muscle loss (VML) supported satellite,

endothelial, and inflammatory cell infiltration but resulted in lim-

ited myofiber regeneration at 2 weeks post-injury. © 2018 Wiley

Periodicals, Inc. J Biomed Mater Res Part A: 00A: 000–000, 2018.
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INTRODUCTION

Musculoskeletal injuries are among the most common and
frequently disabling injuries sustained by athletes and sol-
diers.1 Muscle trauma accounts for 50%–70% of total mili-
tary injuries and complications involving muscle result in
approximately 80% of delayed amputations.2–4 In a recent
article, Corona et al. concluded that muscle trauma involving
volumetric muscle loss (VML) contributes to >90% of muscle
conditions that result in long-term disability in patients who
have been medically retired because of injury.5 Muscle dam-
age or impaired muscle function is often a secondary compli-
cation associated with a broad range of injuries commonly
sustained in military conflicts including peripheral nerve
injury,6 tenotomy,7 ischemia–reperfusion injury,8 and open
fractures.9 Currently, there are no approved regenerative
therapies for the treatment of muscle tissue following VML,
presenting a significant opportunity to produce tissue engi-
neered scaffolds for muscle tissue regeneration.

A tissue-engineered scaffold for repair of traumatic mus-
cle injuries should possess adequate mechanical strength

and elasticity and should be capable of supporting myoblast
proliferation and differentiation. Collagen is a key compo-
nent of the muscle extracellular matrix (ECM) and has been
widely used in the form of gels,10 electrospun scaffolds,11

and sponges12 for skeletal muscle tissue engineering applica-
tions. While collagen is highly abundant in almost all tissues,
it is a challenging material for scaffold fabrication due to its
high hydrophilicity and degradation rate.13 Laminin (LM) is
a heterotrimeric structural protein in the ECM of skeletal
muscle fibers that provides an essential scaffold for tissue
development, maintenance, and function. Satellite cells are
muscle resident stem cells that are mitotically quiescent
under normal physiological conditions and reside between
the basal lamina and the sarcolemma of the muscle fibers.14

Satellite cells are highly dependent on the presence of LM in
the basal lamina for multiple activities, including prolifera-
tion, adhesion, migration, and differentiation within skeletal
muscle.15–18 Stress induced by physical exercise or trauma
can trigger satellite cell activation. Following activation, the
satellite cells exit their niche to proliferate. They differentiate
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into myoblasts (MyoD+) that can either fuse with each other
to form myotubes (myogenin+, myosin heavy chain+), or with
existing fibers to allow for myofiber repair.19 The adminis-
tration of LM-111, an isoform that is present in embryonic
tissues but is absent in adult tissues, has demonstrated
remarkable regenerative capacity in several models of
disease20–22 and injury,23–25 primarily by influencing satel-
lite cell activity. However, its efficacy for muscle repair and
regeneration has never been evaluated in a VML model.

Gelatin is a denatured form of collagen that retains its
biocompatibility and offers a less expensive alternative to
collagen.26 Gelatin sponges have been used in a variety of
tissue engineering applications.26–30 In this study, collagen
and LM-111 were chosen to impart bioactivity, and gelatin
was used to provide mechanical durability to the biomimetic
sponge. To further improve the mechanical properties of the
sponges, they were cross-linked using 1-ethyl-3-(3-dimethyl
aminopropyl) carbodiimide (EDC). EDC is a non-toxic and
biocompatible cross-linking agent that doesn’t incorporate
into the scaffold but changes into a water-soluble urea deriv-
ative that can be easily removed via rinsing.31,32 The sponges
were created by freeze-drying as that is a well-established
method for mimicking tissue structural properties.33 We
hypothesized that these biomimetic sponges will serve as
ECM analogs at the site of injury and support cellular prolif-
eration, differentiation, and growth factor secretion.34 The
overall goal of this study was to determine the morphologi-
cal, mechanical, and regenerative properties of these novel
biomimetic sponges. The capacity to promote myokine secre-
tion and myogenic protein expression was evaluated by
in vitro culture with C2C12 myoblasts. Furthermore, the acute
in vivo myogenic response of the biomimetic sponges was
tested in a mouse VML model.

MATERIALS AND METHODS

Fabrication of biomimetic sponges
A 3 wt % porcine skin gelatin (Sigma-Aldrich) solution was
prepared in DI water and heated to 60�C. After the gelatin
had completely dissolved, the solution was allowed to cool
to 50�C. EDC (20 mM) was added to the solution which was
vortexed vigorously before being added to square plastic
molds (15 × 15 × 5mm, Fisher Scientific). The final concen-
trations of gelatin, collagen, LM-111 are shown in Table I.
Rat tail collagen I (Gibco, 3 mg/mL) solution was added to
the molds in gelatin : collagen ratios of 100:0 (pure gelatin),
90:10, and 70:30. LM-111 (Trevigen) was then added to the
molds at a final concentration of 50 μg/mL and mixed thor-
oughly. The molds were placed in a 100% methanol bath,
and allowed to gel at 4�C for 30 min, followed by overnight

freezing at −8�C. The molds were then moved to a − 80�C
freezer for 24 hours. After the molds were removed from
the methanol bath, the sponges were frozen for another
24 hours at −80�C. The frozen molds were lyophilized for at
least 19 hours. The cross-section of the lyophilized sponges
was observed through scanning electron microscopy (SEM).
Preliminary studies showed that 60:40, 50:50 gelatin : colla-
gen and pure collagen (100%) sponges did not maintain
structural integrity upon hydration and therefore were not
included in the study.

Water uptake
In order to measure the swelling potential and the mesh-size
of the scaffolds, water uptake percentage was calculated by
measuring the dry and hydrated weight of each sponge
(n = 3) at 5-min time intervals after soaking each sponge in
1 mL of water. The formula used was:

Water Uptake Percentage¼ HydratedWeight−DryWeightð Þ
DryWeight

x 100%

μCT analysis
The biomimetic sponges were created in the plastic molds as
described above and 6 mm disks were punched using a
biopsy punch (n = 3–4). The disks were analyzed using μCT
35 (ScanCo Medical, Wayne, PA) as described previously35,36

to measure the structural features of the scaffolds under
hydrated conditions. The morphological features such as
pore-size, heterogeneity, interconnectivity, and void: solid
ratio was obtained using the manufacturer installed trabecu-
lar morphology analysis. The scaffolds were scanned under
the following parameters: X-ray tube potential 45 kVp, X-ray
intensity 4 W, isotropic voxel size 7 μm, integration time
600 ms, frame averaging 1, projections 500, and a medium
resolution scan. The central area of each scaffold was ana-
lyzed using a threshold of 40 per milles (Scanco systems’
default unit). A majority of the scaffold was captured for
analysis and only a small portion of the outermost layer was
excluded. We first analyzed scans from a small subset of
each group at a range of thresholds from very low, which
would erroneously include void voxels as scaffold, to very
high, which would exclude scaffold voxels and count them as
space. The selected threshold was determined by graphing
the results and looking for an inflection point or min/max
within the range across multiple outcomes. This indicates
the point at which most of the voxels are correctly assigned.
Therefore, voxels above the threshold of 40 per milles were
considered scaffold, and those below were considered void
space.

Biodegradation of the biomimetic sponges
Dry sponge disks (6 mm) were weighed, immersed in
800 μL of phosphate buffered saline (PBS) in a 24 well plate
and maintained in an incubator at 37�C for 1 week. The
disks were removed and lyophilized at the end of 1 week to
measure the remaining dry weight.37 The PBS solution was
collected for pH analysis.

TABLE I. Concentration of components used for creating the

biomimetic sponges

Gelatin Collagen LM-111 EDC

100% 30 mg/mL 0 mg/mL 50 μg/mL 20 mM

90:10 27 mg/mL 0.3 mg/mL 50 μg/mL 18 mM

70:30 21 mg/mL 0.9 mg/mL 50 μg/mL 14 mM
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Mechanical testing
Compression testing was performed using an MTS Criterion
Model 42. The sponges were prepared in square plastic
molds of dimensions 25 × 20 × 5mm (n = 4) and were first
tested while dry, and then tested again after being hydrated
in 3 mL of DI water for 5 min. A strain rate of 10 mm/min
was used until a strain percentage of 50% was reached. The
peak stress, peak load, compressive modulus values were
obtained from MTS software (MTS TestSuite: TW Elite) using
the stress–strain curve. It should be noted that the sample
dimensions do not conform to the ASTM standard and cau-
tion must be observed while making direct comparisons to
mechanical properties of other scaffolds.

Cell-culture
The sponges were disinfected in 95% ethanol for 5 min, rinsed
twice in 1X phosphate buffer solution (PBS) for 5 min each,
followed by overnight incubation at 37�C in 5% CO2 in growth
media (DMEM-F12 containing 10% fetal bovine serum (FBS),
10% horse serum (HS), and 1% penicillin–streptomycin).
C2C12 myoblasts (ATCC) were seeded on the sponges at a den-
sity of 500,000 cells/well in a 12 well plate for 5 days
(n = 3–4) in the growth media. The growth media was
replaced every alternate day. Cell culture supernatants and cel-
lular protein lysates were collected on day 1 and 5. Superna-
tants were also collected from myoblasts cultured at the same
cell-density on tissue culture plastic (TCP) for comparison. The
production of vascular endothelial growth factor (VEGF),
interleukin-6 (IL-6), and insulin-like growth factor (IGF)-1 by
C2C12 myoblasts was quantified in cell-culture supernatants
using ELISA (Peprotech) as per manufacturer’s instructions.

Implantation of biomimetic sponges in a VML model
This work was conducted in compliance with the Animal
Welfare Act, the implementing Animal Welfare Regulations,
and in accordance with the principles of the Guide for the
Care and Use of Laboratory Animals. All animal procedures
were approved by the Saint Louis University’s Institutional
Animal Care and Use Committee.

Male C57BL6 mice (5 weeks old) were purchased from
Charles Laboratory and housed in a vivarium accredited by
the Association for Assessment and Accreditation of Labora-
tory Animal Care International and provided with food and
water ad libitum. The animals were weighed prior to surgery
and anesthetized using 2.5% isoflurane. The surgical site was
aseptically prepared, and sustained release buprenorphine
(1 mg/kg) was injected in the nape of the neck prior to the
procedure. A lateral incision was made through the skin to
reveal the gastrocnemius-soleus (GAS) complex. The skin was
separated from the musculature by blunt dissection. A metal
plate was inserted underneath the GAS muscle, and a 3-mm

punch biopsy was performed to remove approximately ~10%
of the muscle mass. The biopsy was removed and weighed for
consistency (Table II). A subset of VML injured muscles
received a 3-mm disk of the 70:30 biomimetic sponge (n = 6),
while others were left untreated (n = 4). Bleeding was con-
trolled with light pressure, and the skin incision was closed
with simple interrupted sutures. The animals were allowed to
recover for 2 weeks and euthanized via CO2 asphyxiation.
GAS muscles were weighed upon collection and processed for
histological and biomolecular analyses.

Western blotting
The protein expression was evaluated in both in vitro cell cul-
ture samples and the hindlimb muscle samples using western
blotting. Protein lysates from myoblasts cultured on both
sponges and TCP were collected on days 1 and 5 of cell culture
and were quantified for myogenic markers using western blot-
ting as previously described.38,39 Briefly, acellular and
myoblast-seeded sponges were rinsed twice in PBS, and the cel-
lular protein lysates were collected in RIPA buffer with prote-
ase inhibitor cocktail (Sigma). GAS muscles were homogenized
in the same buffer to collect muscle protein lysates. The protein
concentration was determined using the Pierce BCA protein
assay kit (Thermo Scientific). Cellular protein lysates (20 μg)
and muscle protein lysates (60 μg) were mixed with laemmli
buffer, denatured and resolved by SDS-polyacrylamide gel elec-
trophoresis (SDS-PAGE) using 4–20% gels (Bio-rad) and trans-
ferred onto nitrocellulose membranes. Equal protein loading
was verified by Ponceau S staining. The membranes were
probed using anti-desmin (Abcam), anti-MyoD (Thermo Fisher
Scientific), anti-myogenin (Millipore), anti-GAPDH (Cell Signal-
ing), anti-α-actinin (Cell Signaling), anti-HSP70 (Cell Signaling),
anti-iNOS (Abcam), anti-tranforming growth factor beta 1 recep-
tor (TGF-β1R, Millipore), anti-interleukin 10 (IL-10, Millipore),
and appropriate HRP-conjugated secondary antibodies.

Histology
The sponges were removed from cell culture media on day
5 of culture, immersed in optimal cutting temperature (OCT)
compound and frozen in liquid nitrogen for cryosectioning.
The cross-sections of sponges were stained with hematoxylin
and eosin (H&E) and DAPI to assess cellular infiltration in
their three-dimensional structure. The DAPI+ nuclei were
quantified as the percentage of area fraction in ImageJ from
6–7 nonoverlapping 40× images (Zeiss Axiocam) of the sec-
tions, using a thresholding method adopted previously.39–41

GAS muscles were weighed upon collection and frozen in
2-methyl butane (Fisher Scientific) that was super-cooled in
a liquid nitrogen bath. The muscles were mounted on stubs
using OCT and cryosectioned. Cross-sections (n = 3–4) were
stained with H&E, anti-Pax7 (Abcam), Collagen I (Abcam),

TABLE II. Morphological characteristics of the VML injured muscles

Biopsy weight (mg) Muscle weight (g) Body weight (g) MW/BW (mg/g)

No treatment (n = 4) 10.96 � 2.18 0.1172 � 0.027 21.45 � 3.1897 5.40 � 0.25

Biomimetic sponge (n = 6) 11.66 � 1.71 0.1225 � 0.027 21.73 � 3.3260 5.61 � 0.26
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MF20 (R&D systems), F4/80 (Invitrogen), and CD31 (R&D
systems). Appropriate fluorochrome-conjugated secondary
antibodies (Invitrogen) were as described previously.38,39

Images were captured at 10× or 40× magnification using a
Zeiss Axiocam microscope. Quantitative analysis was per-
formed in ImageJ as described previously.39 The quantifica-
tion of myofibers with centrally located nuclei was done
manually in ImageJ by taking non-overlapping images of the
entire muscle section (n = 4–6/group). The counts were nor-
malized to the manually measured area of the muscle sec-
tion. The COL: MHC ratio was determined using ImageJ from
3 nonoverlapping images of the defect region (n = 3–5/
group) using a thresholding method described previously.39

Statistical analysis
All data is presented as means � SEM. Data were analyzed
and graphed using GraphPad Prism 6 for windows. A one-
way or two-way ANOVA was performed on most data to
determine whether a significant interaction or main effect
existed between factors for each dependent variable under
consideration. When appropriate, a least significant differ-
ence (LSD) post hoc comparison was performed to identify
the source of significance with p ≤ 0.05. The in vivo data was
analyzed using an unpaired student t test.

RESULTS

Morphological characterization of the biomimetic
sponges
The SEM micrographs of the cross-sections of the biomimetic
sponges at 500 × and 1500 × magnifications are shown in

Figure 1(A). The addition of collagen appeared to increase
the overall porous structure and void space in the sponges.
The water uptake capacity was 766% for pure gelatin,
1037% for 90:10 and 1216% for 70:30 sponges [Fig. 1(B)].
The water uptake percentage of the 70:30 biomimetic
sponges was significantly different from the 100% pure gela-
tin sponges between 15–30 min (ANOVA; interaction
p = 0.9985, group p = <0.0001, time p = <0.0001). The weight
of the sponges decreased over the 1-week period in the incu-
bator but about ~66–77% of their original weight was
retained and they appeared structurally intact [Fig. 1(C)]. The
pH changed during this time from 7.3 to 6.8 in all cases. This
drop in pH could be attributed to the degradation products or
the dissolution of CO2 in PBS.37

To further illustrate the pore-size of the morphological
properties of the biomimetic sponges, we performed a quan-
titative analysis of the scaffolds using μCT. The 3D recon-
struction of the sponges scanned using μCT is shown in
Figure 2(A). The average pore-diameter of the sponges ran-
ged between 63–84 μm. While the 70:30 sponges had the
smallest pore-diameter, they showed the highest intercon-
nectivity between pores [Fig. 2(C)]. The void : solid ratio
was determined to be ~0.93, suggesting that about 7% of
the total space in the sponges is the actual scaffold [Fig. 2
(D)]. The pore-heterogeneity was highest on the 90:10
sponges, suggesting a wide range of pore-sizes [Fig. 2(E)].
The 70:30 sponges showed the highest water uptake capac-
ity [Fig. 1(B)], which could be attributed to a highly intercon-
nected network of pores in the 70:30 sponge as shown by
the μCT analysis.

FIGURE 1. (A) Cross-sections of the sponges imaged by scanning electron microscopy are shown at 500× and 1500×. The square boxes approxi-

mate the magnified area. (B) The water uptake capacity of the sponges, and (C) the percentage of weight lost over a week at 37�C.
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Mechanical properties of the biomimetic sponges
The results of the compression testing are shown in
Figure 3(A–C). Making a direct comparison to mechanical
properties of other scaffolds37 is difficult as the sample dimen-
sions and testing parameters would greatly affect the final
values.26 The peak load of the gelatin sponges was determined
to be 60 N and the compressive modulus of the pure gelatin
sponge was determined to be 808 kPa. Incorporation of 30%
collagen in the biomimetic sponges significantly lowered the
compressive modulus compared to the gelatin control sponge,
suggesting increased compliance. Overall, the hydrated
sponges showed a significant decrease in the peak stress
(ANOVA; interaction p = 0.1170, group p = 0.1013, hydration
p = <0.0001), peak load (ANOVA; interaction p = 0.1236, group
p = 0.1120, hydration p = <0.0001), and compressive modulus
(ANOVA; interaction p = 0.0251, group p = 0.0253, hydration
p = <0.0001) for all groups. The hydrated values were closer
to Young’s modulus of the native skeletal muscle reported in
previous studies (~10 kPa).42,43

Cellular growth and infiltration into the biomimetic
sponges
The cryosections of the C2C12 myoblast-seeded biomimetic
sponges were obtained on day 5. The sections stained with
DAPI and H&E are shown in Figure 4(A). The density of cellu-
lar nuclei appeared to increase with increasing percentage of
collagen in the sponges. The 70:30 sponges showed the high-
est infiltration of myoblasts into their 3D structure and pre-
sented a significantly greater DAPI+ nuclei content per area
than the pure gelatin and the 90:10 sponges. The H&E images
show the location of cellular nuclei with respect to the scaf-
fold. The C2C12 myoblasts can be seen lining the pores of the
sponges, as indicated by the black arrows. Similar to the DAPI
stained images, the cellular quantity and overall infiltration
increased with increasing concentrations of collagen.

Myogenic protein expression on the biomimetic sponges
The expression of myogenic proteins in C2C12 myoblasts cul-
tured on the sponges as well as TCP is presented in Figure 5

FIGURE 2. (A) 3D reconstructed cross-section of the biomimetic sponges that were analyzed using μCT. The color bar denotes the size of the pores.

A blue/green voxel is within a “small” pore, and an orange/red voxel is contained within a “large” pore. For this figure blue is 0 μm and red is

120 μm. Quantitative measurements of the scaffold’s morphological features such as (B) pore-diameter, (C) pore-interconnectivity, (D) void: solid

ratio, and (E) pore-heterogeneity, are presented. The average pore size ranged from ~60–80 μm which would be represented by green/yellow colors

in the color bar.

FIGURE 3. Compressive mechanical tests showed reduced (B) peak stress (C) peak load and (D) modulus for the 70:30 biomimetic sponge. Hydra-

tion resulted in more compliant scaffolds and statistically different mechanical properties. “*” indicates statistical difference (p < 0.05) among dry

biomimetic sponges and “#” indicates statistical difference between dry and hydrated biomimetic sponges.
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(A). The expression of MyoD trended higher on the 90:10
and 70:30 sponges compared to pure gelatin sponge on day
1. On day 5, MyoD expression significantly increased on the
gelatin sponge and TCP compared to day 1 but was not sig-
nificantly different between the sponges (ANOVA; interaction
p = 0.0669, group p = 0.2409, time p = <0.0001). The expres-
sion of myogenin showed a linear increase with increasing
collagen concentration in the sponges and was significantly
higher in the 90:10 and 70:30 sponges compared to 100%
gelatin on day 1 (ANOVA; interaction p = 0.0050, group
p = <0.0001, time p = <0.0001). The expression of myogenin
was not detected on day 1 and was significantly lower on
TCP compared to the sponges on day 5. However, a signifi-
cant increase in myogenin expression was observed on the
pure gelatin sponge on day 5 compared to day 1. The
expression of α-actinin [Fig. 5(D)] was significantly higher
on the TCP compared to the sponges on day 1. The expres-
sion of α-actinin was also significantly higher on the 90:10
biomimetic sponge compared to pure gelatin sponge on day
1 but no significant differences were observed on day
5 between the groups (ANOVA; interaction p = 0.0010, group
p = 0.0047, time p = 0.0631). No bands were detected in
protein lysates collected from acellular sponges.

Secretion of myokines on biomimetic sponges
The ELISA results for VEGF, IL-6, and IGF-1 in cell-culture
supernatants are shown in Figure 6. The levels of VEGF and
IL-6 released by C2C12 myoblasts increased linearly with
increasing percentage of collagen in the biomimetic sponges.

The myoblasts cultured on the 70:30 sponges produced the
highest quantity of VEGF (ANOVA; interaction p = 0.7000,
group p = 0.0003, time p = 0.0002) and IL-6 (ANOVA; inter-
action p = 0.1502, group p = <0.0001, time p = 0.0687) com-
pared to 100% gelatin sponges at both day 1 and 5. No
significant differences were observed in the secretion of IGF-
1 by myoblasts (ANOVA; interaction p = 0.0818, group
p = 0.3832, time p = 0.2817). The amount of released VEGF
was significantly increased on the 90:10 and 70:30 sponges
at day 5 compared to day 1 but remained constant on the
100% gelatin sponges. The level of IL-6 trended toward a
decrease, but that of IGF-1 trended toward an increase on
the 100% gelatin sponges on day 5 of culture.

The myogenic response of biomimetic sponges in vivo
Based on the results of the in vitro studies, the 70:30 biomi-
metic sponge was selected for implantation in the mouse
VML model. Muscle weights were recorded upon collection,
and no statistical difference was found at 2 weeks post-
injury (Table II). At 2 weeks post-injury, qualitative immuno-
histological analyses were performed at the site of the
defect. Qualitative analysis of the histological images sug-
gested that the influx of inflammatory cells (F4/80+), endo-
thelial cells (CD31+), and satellite cells (Pax7+) was higher in
the biomimetic sponge treated group [Fig. 7(B,D)]. Unlike
the untreated VML injured muscles, several small diameter
myosin+ myofibers were observed in the biomimetic sponge
treated defect site, in close proximity to the remaining mus-
cle mass. The deposition of connective tissue (collagen+ and

FIGURE 4. (A) Cryo-sections of the sponges were stained with DAPI (top panel) and H&E (bottom panel). (B) The area fraction of DAPI+ nuclei was

significantly higher in the 70:30 biomimetic sponges compared to the 100% gelatin and the 90:10 sponges. The black arrows point toward nuclei in

the H&E images.
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laminin+) was similar in both groups. No significant differ-
ences were noted [p = 0.2375, Fig. 7(E)] in the number of
myofibers with a centrally located nuclei between the VML
injured and the biomimetic sponge treated muscles. Quanti-
tative analysis of collagen : myosin ratio trended higher on
the biomimetic sponge treated VML muscles, but no statisti-
cal difference was noted [p = 0.3118, Fig. 7(F)].

Skeletal muscle protein lysates from VML injured and
biomimetic sponge treated muscles were probed for the fol-
lowing myogenic proteins: MyoD, desmin, myogenin, and
α-actinin [Fig. 8(A–D)]. The biomimetic sponge treated mus-
cles showed significantly higher expression of MyoD and
desmin compared to untreated muscles. The expression of
myogenin trended higher on the biomimetic sponges

FIGURE 5. (A) Myogenic protein expression was determined by western blotting. The quantification of (B) MyoD, (C) myogenin and (D) alpha-actinin

with respect to GAPDH are shown for days 1 and 5. “*” indicates statistical difference (p < 0.05) from all other groups at a particular time-point and

“#” indicates statistical difference between days 1–5 for a particular group.

FIGURE 6. Quantification of (A) VEGF, (B) IL-6, and (C) IGF-1 levels produced by myoblasts cultured on the sponges. The 70:30 biomimetic sponges

resulted in the highest levels of VEGF and IL-6 production on days 1 and 5. “*” indicates statistical difference (p < 0.05) between biomimetic

sponges at a particular time-point and “#” indicates statistical difference between days 1–5 for a particular biomimetic sponge.
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(p = 0.0804) while that of α-actinin was not significantly dif-
ferent between the groups. The expression of heat shock
protein (HSP)-70, a protein associated with cellular
stress,44,45 trended lower (p = 0.0820) on the biomimetic
sponge treated VML injured muscles [Fig. 8(E)]. Inducible
nitric oxide synthase (iNOS) is an enzyme that is primarily
expressed on pro-inflammatory macrophages in injured skel-
etal muscle. The protein expression of iNOS trended higher
on the biomimetic sponge treated VML injured muscles
[Fig. 8(F)] suggesting heightened inflammation-dependent
muscle healing.46 The expression of arginase, an enzyme
associated with anti-inflammatory macrophages was not
detected in either VML injured or sponge treated muscles
(data not shown). The expression of transforming growth
factor beta 1 receptor (TGF-β1R) was similar between both
sponge-treated and untreated VML injured muscles
[Fig. 8(E)].

DISCUSSION

A clinically approved therapy for repair and regeneration of
large muscle defects currently does not exist. Many of the
tissue-engineered scaffolds are either mechanically unsuita-
ble or fail to enhance tissue-resident stem cell activity.12,47,48

We are only aware of one other study where LM-111 was
delivered to the site of VML injury using hydrogels com-
posed of hyaluronic acid and poly(ethylene glycol).49 The
study reported little to no cellular infiltration into the defect
owing to the largely intact and undegraded hydrogels. The
absence of cellular infiltration into the hydrogels was ulti-
mately correlated to lack of myofiber regeneration and

functional recovery. The biomimetic sponges described in
this study offer several significant improvements over the
tissue-engineered biomaterials currently being researched.
The biomimetic sponges contain a mixture of two highly
pro-regenerative proteins: collagen and LM-111, for stimu-
lating cellular activity. The sponges also contain gelatin
which provides mechanical stability and durability without
compromising its biocompatibility. These sponges can be
fabricated in a variety of shapes and sizes and provide an
“off-the-shelf” solution to a variety of wounds/tissue defects.
The sponges can be easily fabricated in a short-time frame
with commonly available lab equipment. Moreover, pro-
regenerative growth factors and biomolecules, as well as
pharmaceutical drugs, can also be easily incorporated into
the sponges for a sustained and controllable release.50 Pre-
liminary studies showed that pure gelatin gels did not sup-
port myoblast adhesion and growth. Therefore, LM-111 was
added to the 100% gelatin sponges to support myoblast
adhesion and activity.

A pore-size of about 100 μm is recommended to allow
for neovascularization and mass transport through a tissue-
engineered scaffold. Typically, biomaterials that exhibit a
higher swelling ratio have larger pore-sizes.51 Our data
shows that 70:30 biomimetic sponges swelled the most in
water [Fig. 1(B)], suggesting a larger mesh-size. In support, a
more open, interconnected, and porous structure of the
70:30 sponges was observed with SEM [Fig. 1(A)] and μCT
[Fig. 2(C)]. This interconnected 3D network of pro-
regenerative proteins in the 70:30 biomimetic sponges also
supported greater myoblast infiltration into the scaffolds, as
shown in Figure 4. The highly interconnected pore network

FIGURE 7. The acute response of VML injured muscle to biomimetic sponge implantation. Tissue samples harvested at 2 weeks post-injury were

stained for (A) H&E (scale bar =20 μm), black arrows point toward newly regenerated myofibers in the defect region and the asterisks (*) show the

biomimetic sponge. (B) F4/80 and CD31 (C) Collagen and Myosin, and (D) Laminin γ1 and Pax7 (scale bar =20 μm), yellow arrows show Pax7+ satel-

lite cells. The histological images were quantified for the (E) total number of myofibers with centrally located nuclei (normalized to the area of the

muscle section), and the (F) Collagen : Myosin ratio.
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in the 70:30 biomimetic sponges may have also provided
greater flexibility to the sponges, resulting in reduced com-
pressive modulus [Fig. 3(C)]. Mechanical testing revealed
that the stiffness of the hydrated scaffolds was orders of
magnitude lower than the dry scaffolds, corroborating previ-
ous reports.13 It has been suggested that in a hydrated state,
scaffolds tend to buckle and bend at low stress, resulting in
large deflections under small applied loads. Overall, these
results suggest that the biomimetic sponges possess a large
enough pore-size to allow cellular infiltration as well as ade-
quate mechanical strength to serve a temporary scaffold at
the site of injury in vivo. A homogenous spatial distribution
of cells in the biomimetic sponges is expected to result in
uniform ECM deposition, constructive remodeling, and de
novo tissue formation upon implantation in vivo.

The myogenic potential of the biomimetic sponges was
evaluated by quantifying the expression of myogenic proteins
such as MyoD, myogenin, and α-actinin. On day 1 of culture,
the expression of MyoD [Fig. 5(B)] trended higher while that
of myogenin [Fig. 5(C)] was significantly higher on the 90:10
and 70:30 biomimetic sponges compared to the 100:0 gelatin
sponges. The expression of α-actinin was significantly higher
on the 90:10 sponge on day 1 compared to pure gelatin
sponges. No significant differences were observed on day
5 between the sponges, indicating that the absence of collagen
delayed myogenic activity in the 100:0 gelatin sponges. In

support, previous studies have shown that pure gelatin scaf-
folds lack adequate bioactivity to influence fibroblast28 and
myogenic cell50 infiltration.

To determine the effect of these sponges on myoblast
activity, we quantified the cell-secreted factors. VEGF is a
growth factor associated with myoblast proliferation and
angiogenesis. VEGF receptors are upregulated in proliferating
and differentiating satellite cells in vitro. VEGF also promotes
myofiber growth and rescues myogenic cells from apopto-
sis.52 Our results show that 70:30 biomimetic sponges pro-
duce the highest levels of VEGF on both days 1 and 5 of
culture, suggesting that implantation of these sponges is likely
to support angiogenesis and myogenic cell-proliferation in the
injury region [Fig. 6(A)]. IGF-1 is a growth factor implicated
in both proliferation and differentiation of myoblasts.53 IGF-1
accumulates in regenerating muscle and is believed to coordi-
nate the myogenic events at the injury site.54,55 The levels of
IGF-1 trended higher on the 70:30 biomimetic sponges com-
pared to pure gelatin sponges on day 1 of culture, suggesting
higher potential to influence myogenic activity. IL-6 is a pro-
inflammatory cytokine that is highly expressed in actively
contracting muscle fibers after increased workload.56–59 An
acute increase in pro-inflammatory factors such as IL-6 can
serve as a chemoattractant for myoblasts and myeloid cells
and support myoblast proliferation.60 In addition, IL-6 defi-
ciency is also known to cause blunted hypertrophic growth in

FIGURE 8. Quantitative analysis of biomimetic sponge mediated myogenesis in VML injured muscle was performed by western blotting analysis of

(A) MyoD, (B) Desmin, (C) myogenin, (D) α-actinin, (E) HSP-70, (F) iNOS, and (G) TGF-β1R.
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mice in response to mechanical overload.58 Our results
showed significantly higher production of IL-6 by myoblasts
cultured on the 70:30 biomimetic sponges on both days 1 and
5, suggesting an increased capacity for cellular recruitment
and myogenic cell proliferation. Taken together, these results
show that biomimetic sponges are capable of promoting
greater myogenic activity in C2C12 myoblasts compared to
pure gelatin sponges.

Based on the results of the in vitro studies, we selected
the 70:30 biomimetic sponge for implantation in a mouse
VML model.38,39,61–64 It is known that muscle tissue retains
the ability to regenerate after injury. However, this process
is slow and often incomplete in traumatic injuries such as
VML.38,65 The early host response to implanted scaffolds typ-
ically determines successful tissue regeneration. At 2 weeks
post-injury, the biomimetic sponge treated VML injured mus-
cles showed constructive remodeling at the site of injury
with the elevated presence of satellite (Pax7+), endothelial
(CD31+) and inflammatory (F4/80+) cells (Fig. 7). The ECM
proteins in the biomimetic sponges may have potentially
facilitated increased cellular recruitment, attachment, and
proliferation. This result was encouraging since coordinated
efforts by multiple cell populations are required for effective
tissue repair and regeneration.39,61 For instance, endothelial
cells exert promitotic effect on myogenic progenitors and
support the growth of satellite-cell derived myoblasts.66

Macrophages are the key cellular players of the innate
immune system that infiltrate the site of injury and scaffold
implantation within 24–72 hours.60 They secrete a wide
variety of growth factors and cytokines that can influence
myogenic events such as activation, proliferation, and fusion
of myogenic precursors.67

The sponge treated VML injured muscles showed several
small diameter myosin+ myofibers in close proximity to the
remaining muscle mass. In support, the protein expression
of MyoD and desmin was significantly higher, while that of
myogenin trended higher on the sponge treated injured mus-
cles (Fig. 8). Taken together, these results suggest that com-
pared to untreated muscles, the implantation of the
biomimetic sponges results in greater myogenic activity in
the VML injured muscles. As no statistical differences were
noted in the quantitative analysis of collagen : myosin ratio
as well as the number of myofibers with centrally located
nuclei, we speculate that biomimetic sponge treated VML
injured muscles are in the early stages of repair at the
2 week time-point and perhaps a longer duration of time
would be required for significant myofiber regeneration
throughout the defect region.

Muscle injury is often accompanied by an increase in
HSP-70, which is released from cells following stress or
injury and can activate the innate immune system.44,45 How-
ever, this stress response peaks within the first 24 hours
and is transient. The prolonged presence of HSPs may alter
protein homeostasis and affect a variety of cellular func-
tions.68 The lower expression of HSP-70 in the biomimetic
sponge treated muscles would suggest reduced cellular
stress levels in the VML defect. The F4/80+ macrophages
infiltrating the VML defect are likely to be the primary

population of cells expressing iNOS. Although iNOS is a
marker for pro-inflammatory macrophages,69 a previous
study showed that that iNOS expression by infiltrating mac-
rophages contributes to muscle regeneration and that myo-
genic precursor cells in the injured muscles of iNOS deficient
mice failed to proliferate and differentiate.46 The lack of argi-
nase expression in both VML and biomimetic sponge treated
muscles was surprising. It would suggest that the macro-
phages in the injured muscles have not progressed to an
anti-inflammatory or pro-regenerative phenotype at the
2-week time-point. To further examine the effect on sponges
on the host inflammatory response, we quantified the pro-
tein expression of TGF-β1 receptor. TGF-β1 is an anti-
inflammatory factor that inhibits the function of both innate
and adaptive immune cells by binding to TGF-β1 receptor on
their cell surface.70–73 The expression of TGF-βR1 was simi-
lar in both untreated and sponge treated VML muscles. Col-
lectively, these data would suggest that the sponges are not
causing any adverse inflammatory reaction or skewing the
polarization of macrophages toward a distinct M1 or M2-like
phenotype. However, a thorough analysis with a panel of
several different pro-and anti-inflammatory markers is
needed to further delineate the inflammatory response to
the biomimetic sponges.

Although significant myofiber regeneration was not
observed with biomimetic sponge treatment, we are encour-
aged by the fact that implantation of the biomimetic sponge
recruited host cells into the defect region and increased
myogenic activity in the VML injured muscles without caus-
ing any adverse inflammatory reactions or fibrotic capsule
formation. It can be speculated that the biomimetic sponges
possibly protected the remaining muscle mass from chronic
injury, by providing both bioactivity and mechanical stability.
The animal study was performed to characterize the in vivo
response to biomimetic sponge implantation. A major limita-
tion of the study is that the findings are preliminary as only
one time-point was used for analysis. Future studies will
determine the extent to which biomimetic sponge therapy
can promote myofiber regeneration, innervation, and force
production at 4 weeks post-injury. These studies will pro-
vide conclusive evidence regarding the success/failure of the
biomimetic sponge therapy. As robust myofiber regeneration
was not observed throughout the defect region, future stud-
ies may also consider loading biomimetic sponges with
immunomodulatory molecules or pro-myogenic growth fac-
tors to accelerate myofiber regeneration. The development
of an effective tissue engineering therapy for skeletal muscle
may also benefit reconstructive surgery as well as congenital
and degenerative muscle diseases.12
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